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9: Field Geology/Processes
--Carlton Allen, Petr Jake_, Ralf Jaumann, John Marshall, Stewart Moses, Graham Ryder,

Stephen Saunders, and Robert Singer

The field geology/processes group examined the basic

operations of a terrestrial field geologist and the manner in

which these operations could be transferred to a planetary

lander. We determined four basic requirements for robotic

field geology: geologic context, surface vision, mobility, and

manipulation. Geologic context requires a combination of

orbital and descent imaging. Surface vision requirements

include range, resolution, stereo, and multispectral imaging.

The minimum mobility for useful field geology depends on

the scale of orbital imagery. Manipulation requirements in-

clude exposing unweathered surfaces, screening samples,

and bringing samples in contact with analytical instruments.

To support these requirements we recommended several ad-

vanced capabilities for future development. Capabilities in-
clude near-infrared reflectance spectroscopy, hyperspectral

imaging, multispectral microscopy, artificial intelligence in

support of imaging, XRD/XRF, and rock chipping.

9.1. INTRODUCTION

The maturity of our geologic knowledge of bodies in the
solar system varies dramatically. All the planets except Pluto,

many of the satellites, and several of the smaller bodies have

been imaged at resolutions of a few kilometers. Higher-

resolution orbital imagery, as well as site-specific analytical
data, are available for the Moon, Mars, and Venus. We have

identified undocumented samples (meteorites) from the Moon,

Mars, and some asteroids. The Moon is the only solar system

body other than Earth on which studies approaching classical

field geology have been conducted.

Planetary field geology, for at least the near future, will be
conducted by robotic spacecraft. The goals of these field

studies will vary depending on the planet or satellite. An

overarching goal will always be exploration, discovering
basic facts about worlds that are almost unknown. Much

effort may be put toward providing ground truth for interpre-

tations based on orbital imagery, for example, the extent of

basin ejecta or the reality of massive flooding. Planetary field

studies may be targeted to answer specific questions, such as
the presence or absence of lake deposits or permafrost. Fi-

nally, field work will certainly be called upon to support

sample analysis and return by selecting samples and provid-

ing geologic context. These goals illustrate both the similari-

ties and the differences between planetary studies and classi-

cal field geology that has been developed for over 200 years
on the Earth.

9.2. TERRESTRIAL FIELD GEOLOGY

Field geology comprises the sensory and cognitive meth-
ods used to examine and interpret materials and structures at

scales appropriate to outcrops at the Earth's surface. This

scale is dominantly that of meters, but includes scans over

distances as far as the horizon as well as close-up inspection.

Extrapolation must be made to include the subsurface. These

observations are synthesized to larger scales by correlating

among outcrop-scale inferences, another cognitive step.

Some of these inferences can be synthesized in the form of

geologic maps and cross sections. The field geologist at-

tempts to characterize rocks and their identifiable units, the

nature of the contacts or gradations between them, their

spatial relationships, their origins, their structures, and their

histories. Choice is required in defining useful rock units, and

is dependent on both the scale of observation and the purposes

of the geologist. Geologic history comprises the formation of
rocks and rock units themselves and subsequent changes,

such as weathering, metamorphism, burial, folding, faulting,

and erosion. The geologist has a purpose before starting field

work, ranging from derivation of an overall geologic history
to a detailed accounting of some particular feature.

For some inferences, information not obtainable (or only

obtainable with great difficulty) in the field must be acquired.

These include rock chemistry, petrographic character, ages,

and isotopic measurements. Thus the field geologist com-
monly needs to select and remove small samples for later

laboratory analysis. However, field geology is much more

than a sample-collecting expedition. In some cases the sample

collecting is for investigation of deep-seated characteristics

and processes (rather than near-surface events), such as iso-

topic studies of magmas or their xenoliths for mantle inves-

tigations. In any case, geologic context and characterization
are prerequisites.

The main sensory tool of the terrestrial field geologist is a
visual one. This visual tool is largely cognitive, rather than

simply sensory, and its use is learned. However, human
evolution has had influences that do not include the distinc-

tion of rhyolite from basalt, nor dolomite from calcite. Thus

the geologist's senses are expanded by including a hand lens

and some chemical and mineralogical indicators such as

acids and streak plates. A common piece of equipment is the

hammer, used to obtain fresh unweathered surfaces that are

diagnostic of rock type and to obtain samples for laboratory

analysis. The human visual system uses only a small part of

the electromagnetic spectrum. In some circumstances the

field geologist may use equipment that expands that range
into the ultraviolet or infrared.

The geologist needs to relate an outcrop to other outcrops

and to its surrounding terrain, and therefore requires base

maps or images, and some means of accurately determining

positions. Orientation and means of measuring angles for

dips and strikes are also needed. On Earth this is generally
done with a compass.
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The geologist has to record observations, selecting from an

infinite input those features considered relevant for the study.

Field geology, like good writing, requires critical thinking.

Experience going back more than 200 years shows that field

geology is an iterative process of observation, hypothesis,

testing, and synthesis. How this can be accomplished by

telepresence is a topic of continuing debate (Spudis, 1992).

9.3. PLANETARY FIELD GEOLOGY

The main objectives of planetary field studies mirror those

of terrestrial field geology: (l) identification and distribution

of geologic units; (2) discrimination between primary rocks,

sediments, and secondary weathering products; (3) estima-

tion of the distribution, size, shape, texture, deposition, and
erosional features of solid rocks; (4) estimation of the dis-

tribution, texture, deposition, and erosional features of soils

and weathering products; (5) estimation of the three-dimen-
sional orientation of features and samples; (6) estimation of

the local topography and slopes; (7) identification and char-

acterization of tectonic features; (8) estimation of tectonic

orientations and local stress fields; (9) identification of lay-
ered materials and stratigraphic sequences; (10) identifica-

tion of temporal and spatial variations of surface features;

(11 ) preselection of samples for detailed analysis and defini-

tion of their geologic context; and (12) comprehensive geo-

logic studies including the interrelation between composi-

tional and structural/tectonic features as well as comparisons
among sample analysis, local landing site data, and regional
orbital data.

A robotic field geologist on a planetary surface will require

a number of basic capabilities: Geologic context is knowl-
edge of the lander's location and its relation to features

recognizable from orbit. Vision is the ability to return recog-
nizable images of the local area to Earth. Mobility implies

significant movement of a rover away from the landing site.

Manipulation is the ability to physically handle samples.

Our group has attempted to develop requirements in these
basic areas for any planetary lander (Table 9.1).

9.4. MARS PATHFINDER--THE CURRENT

STATE OF PLANETARY FIELD GEOLOGY

Robotic field geology on planetary surfaces is in its in-

fancy. Mars Pathfinder, due to be launched in 1996, will be

the fast planetary mission to include, albeit at a minimal

level, our four basic capabilities of geologic context, vision,
mobility, and manipulation. The geologic context was deter-

mined from Viking orbital imaging, but will not be supple-
mented by descent imaging. The capabilities of the lander

camera axe close to those required by our group, though the

Pathfinder camera is not sensitive to wavelengths as long as
2.5 lain. The Pathfinder rover, named Sojourner, has minimal

capabilities for field geology. It moves extremely slowly, and

will probably cover only a fraction of the area that can be seen

from the lander. The rover will carry an ct-proton-X-ray

spectrometer that can produce semiquantitative elemental

TABLE 9.1. Requirements for robotic field geology.

Geologic Context
Orbital imaging
Descent imaging

Vision

Range
Local horizon
Resolution
Stereo

Spectroscopy

Mobility
Minimum range

Manipulation

100-m to l-kin pixel resolution
10-m-pixel resolution

Infinity to centimeters
100m

1 mrad (10 cm at 100m)
Far field and close-up
UV-VIS-NIR to 2.5 IJm, optimized for

specific local conditions

1-10 km (10 pixels of orbital imaging)

Transport analytical instruments to samples or samples to
instruments

Expose fresh (unweathered) surfaces

Screen samples based on chemistry or mineralogy

analyses of the rocks and soil. Fresh surfaces may be exposed
by scraping rocks with the rover wheels.

Mars Pathfinder represents a first step toward true robotic
field geology. It will demonstrate both the current state of the

art and the very real need for advancements in this area of

planetary science.

9.5. ADVANCED CAPABILITIES TO SUPPORT

FIELD GEOLOGY REQUIREMENTS

The field geology/processes group recognized that com-

prehensive planetary field geology studies will require sig-
nificant advances over current capabilities. We strongly en-

dorse the development of the following technologies to sup-

port the next generation of robotic planetary landers:

, near-infrared reflectance spectroscopy to 2.5 Inn
* hyperspectral imaging

* multispectral microscopy

. artificial intelligence in support of imaging

. XRD/XRF

* rock chipping

9.5.1. Near-Infrared Reflectance Spectroscopy
to 2.5 lain

Visible and near-IR reflectance spectroscopy are impor-

tant techniques for remotely determining and mapping the

compositions of planetary surfaces (including the Earth).

The subject is reviewed in various publications, e.g., Goetz
et al. (1983), Elachi (1987), Vane and Goetz (198g), and

Pieters and Englert (1993). To summarize, spectral proper-

ties ("color") in the near-UV and visible (-0.35-0.7 Ima) are
generally controlled by crystal-field electronic transitions

within transition series cations (most commonly Fe), elec-

tronic charge transfers between cations, and electronic charge
transfers between cations and anions (Burns, 1970). Other
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sources of color in this wavelength region include conduction
bands and color centers. Further into the near-IR (0.7-2.5 lxm),

overtone absorptions of vibrational fundamentals begin to

dominate reflectance spectra. Water, OH, various carbonates,

and other salts have diagnostic signatures in the near-IR. An

additional capability of near-IR sensing is its ability to "see

through" thin layers of certain materials and analyze the

material(s) underneath. Examples include thin ferric-oxide

stains (e.g., Buckingham and Sommer, 1983; Singer and
Roush, 1983).

Beyond 2.5 lma, reflectance observations of planetary sur-

faces and their interpretations are increasingly complicated

by signal contributions from thermal effects, both from the

object observed and within the instrumentation itself. For

these reasons, 2.5 lun is a logical and productive long-wave-

length limit for the type of compositional discrimination and

identification tasks proposed here.

These diagnostic near-IR vibrational features are all be-

yond the range of human vision, and many are beyond the
range of silicon detectors such as CCD cameras. The devel-

opment of reliable near-IR detectors suitable for planetary

landers is an important area for support.

9.5.2. Hyperspeetral Imaging

The canonical ideal instrument for remote sensing is an

imaging or mapping spectrometer (also called a hyperspectral
imager) that obtains complete spectral information for every

spatial pixel of an image. The practical value of such data has
been well demonstrated with prototype airborne instruments

studying the Earth (e.g., Vane andGoetz, 1988; Farrand and

Singer, 1991; Farrand et al., 1994). In the past such instru-

ments have been quite large and expensive, with inherently

large data rates. Recent developments in hardware technol-

ogy, however, have reduced the weight and size, while soft-

ware technology has also advanced to make these instruments

more flexible and programmable. Special image compres-
sion software is being developed to manage the large flow of
data.

The breakthrough in hyperspectral imaging is the ability

to provide tens to hundreds of wavelength bands simulta-
neously for each pixel, whereas multispectral systems relying

on filter wheels usually obtain no more than about a dozen

bands. Since the spectral data are obtained simultaneously,

there is no problem of co-registration of pixels taken with

different filters at different times. The basic system passes

light through a slit and onto a grating before illuminating a
two-dimensional CCD array. In this manner, one axis of the

array corresponds to the spatial dimension and the other to

the spectral. The second spatial dimension of the image is

obtained by scanning the slit across the scene in the direction

orthogonal to the slit axis, thus producing an image "cube"

with two spatial dimensions and one spectral dimension. In

general, one can get hundreds of pixels in each of the three
dimensions.

With this image cube stored in memory (either on the

spacecraft or on the ground), one can now perform detailed

analyses of the environment by searching for specific spectral

features. For example, the instrument can be programmed to

search for the telltale absorption features of ferric oxides at

0.85-0.9 lma and highlight their presence in the image. In

current systems, the spectral resolution is 5-10 nm, which

allows one to distinguish among mineral types with similar

reflectance spectra. The high programmability of the instru-

ment lends itself to data processing on board to lessen the

amount of data downlinked. The processed data can be made

to consist of a false-color image tinted according to mineral

type.

A hyperspectral imager on a planetary lander will be able

to achieve all and more of the science objectives normally

associated with conventional imaging systems. A hyperspectral

image of a landing site would enable investigators to effi-

ciently select interesting locations, based on their mineral-

ogy, for close-up examination and retrieval of samples by a

rover. The stratigraphy exposed in a vertical surface would be
readily discemable by the different spectral characteristics of

each layer. Hyperspectral imaging would also enhance the

information in geologic maps of a landing site by correlating

morphology and topography with mineralogy.

The hyperspectral imager that will be flown on the Lewis

spacecraft has the capability of imaging in 384 bands between
0.4 and 2.5 _un. This instrument has a mass of 21 kg and a

power requirement of 75 W. A smaller and simpler instru-

ment called the Ocean Color Sensor (OCS) will fly on a

Korean satellite and has a mass of only 6 kg. The OCS

requires 20 W, but only images in 64 spectral bands between
0.4 and 1.0 Inn. Both instruments employ the orbital motion

of the spacecraft to obtain the second spatial dimension. (An

analogous system on a lander would require a scanning

mechanism.) This technology continues to evolve and will

undoubtedly become a standard tool of planetary exploration.

9.5.3. Multispectral Microscopy
Our understanding of the evolution of the Earth, Moon,

and meteorite parent bodies has increased enormously due to

sample studies at the millimeter to submillimeter scale. Evalu-
ation of rock textures and mineral particles, their shapes,

sizes, and distributions are critical to interpreting processes

acting on planetary surfaces. Even without data on large-

scale features, microanalytical studies have led to models of

planet and asteroid formation, magmatic history, and inter-

actions with the space environment. Petrologists, mineralo-

gists, and experimentalists have developed criteria to identify

processes such as magmatic crystallization, sedimentation,

impact, and weathering through the studies of particle mor-

phologies and compositions. A number of such criteria rely

on the observation of rocks through hand lenses and micro-

scopes. For loose samples, morphology and particle size

distribution can often distinguish among impact, volcanic,

eolian, aqueous, or evaporite origins. Rock textures, even at

low resolution, indicate volcanic, plutonic, sedimentary, and

metamorphic environments. Magmatic textures and compo-

sitions provide information on the nature of the source, ascent

of the magma, and possible modification during emplace-
ment.
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A compact television microscope has been designed and

constructed to obtain mineralogical and morphological infor-

mation in situ on planetary surfaces (Jakeg and W_inke,

1993). This microscope can image an area of several square

centimeters. The microscope uses a CCD chip and a TV

camera, combined with lenses, mirrors, internal light, and

fiber optics to image in visible, near-IR, or IR wavelengths.

The magnification is changed by varying the optics. The best

results have been obtained with magnifications of 10-100x

on the TV screen, providing images with sufficient depth of

focus and good resolution (better than 5/am). The images can

be digitized and saved to computer memory for later process-

ing.

An internal "visible" light source has proven necessary for

higher magnifications because the short working distance

prevents sunlight from illuminating the area. Independent

illumination allows the use of light of known spectral char-

acteristics and sufficient intensity. With "white" light and
color filters, multispectral images can be obtained. Multi-

spectral images can also be obtained using monochromatic

sources such as LEDs. Computer combination of images
taken at different wavelengths can provide color images.

Ultraviolet illumination providing "visible light" effects can
be added to detect fluorescent phases. The use of near-IR or

IR illumination enlarges the analytical capabilities.

The use of image processing makes the microscope cam-

era an identification tool that can be used in planetary explo-

ration (JakeL 1992). The value of mineralogical and chemi-

cal analysis increases if the analyzed object is "visually"

known. It is imperative to exploration geology and geochem-
istry that analyzed surfaces are also imaged, at least in visible
light.

A small microscope system has been designed for use in
conjunction with a-proton, X-ray fluorescence (XRF), and

Mtssbauer spectrometers (Rieder et al., 1995). The micro-

scope is built to image the same area as the chemical analyzer,

approximately 40 x 40 mm. In this system, the microscope

camera can also image a smaller area (approximately 4 x 4

ram) with resolution better than 10 lain in order to identify

mineral phases. Fixed focus optics connected to two chips and

different color illuminations (0.470, 0.565, and 0.635 pan)

are used. The size of the microscope camera system is 70 x
40 x 30 ram, and the weight is 150 g.

A microscope that provides mineralogical information

together with reflectance spectra can be an extremely impor-
tant tool for planetary field geology. Such an instrument

offers the ability to directly correlate data collected in situ

with those obtained by multispectral imaging through tele-

scopes or from orbit.

9.5.4. Artificial Intelligence in Support of Imaging

While multispecWal remote sensing is usually thought of

as measurements made from a great distance, similar obser-

vations can be equally important for near-field characteriza-

tion of surroundings. Spectroscopic machine vision provides

a wealth of compositional information compared with mono-

chrome or three-color systems. The approach is to develop a

suite of practical capabilities for autonomous noncontact

optical compositional determination in a spatial context, i.e.,
determining "what is it and where is it?"

Much, if not most, of the new work required to demon-

strate such practical autonomous geologic exploration sys-
tems is in artificial intelligence and other software. The

information returned from an autonomous sensor system

should be a targeted, context-sensitive, high-level extract of

the more voluminous data obtained by the system. This is true
whether the recipient is another machine or a human. The

sensor system must be able to adaptively decide what data to

take, how and when to take it, and how to process and analyze

it to suitably return the desired information about local geol-
ogy. Such a system requires automated "intelligence," onboard

processing and analysis, and adaptive decision-making capa-
bilities.

The real-world environments in which an intelligent spec-

troscopic imaging system needs to operate are intrinsically
unstructured, and data collected will contain noise that can

degrade the certainty of identification. After initial classifi-

cation using multispectral image panoramas, the system must
decide which image regions or cluster groups have classifica-

tions and/or identifications that are unacceptable and require

spectral sampling. The decision that a cluster is unacceptable
and requires new information must be based on the context in

which the spectral data were taken, such as the complexity of

the geologic setting, image acquisition parameters, and knowl-

edge from previous spectral data. This information is often

imprecise, vague, and uncertain.

Humans have the ability to make good decisions using this

quality of information. Fuzzy logic seems to provide an ideal
tool for transferring human decision knowledge into a com-

puter-based control system, where decisions are made based

on imprecise, incomplete, and uncertain information. A fuzzy-
logic rule-based approach therefore seems an attractive av-

enue to explore in developing the necessary autonomous

sensing systems. However, a number of such pilot systems

must actually be built, tested, and rigorously assessed by
geoscientists (who are understandably conservative when it

comes to machines messing with their data) before the com-

munity at large can be expected to welcome (or even accept)

such high levels of automation.

9.5.5. X-Ray Diffraction and X-Ray Fluorescence
(XRD/XRF)

In the field setting, a geologist automatically attempts to

identify mineral suites in hand samples. In fact, this "suite

recognition" (as opposed to recognition of individual miner-

als) is conducted mentally as a rapid-scan operation that

subconsciously selects samples of interest while rejecting

samples deemed irrelevant. It is a method of rapidly assessing

samples that can be returned to a lab for more thorough

analysis. If an instrument is to replace this human capability
in robotic planetary exploration, the instrument should have

the capability for both rapid assessment and intensive analy-

sis. Given the requirements to identify mineralogy and select

only a limited sample number for intensive study, there are
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few instrument concepts currently available, particularly as

field-deployable units.

A potential instrument concept that may satisfy this type

of field requirement is a portable X-ray diffractometer ca-

pable of rapidly fingerprinting mineral suites. As depicted in

Fig. 9.1, this concept utilizes a CCD detector and a multi-

wavelength X-ray generator that enable Bragg angles to be
satisfied for the detection of forward-scattered diffraction

cones (a traditional single wavelength source will also suffice

if placed close enough to the surface under investigation).

Most noteworthy about such a design is the potential ability
of the device to examine the rock or soil without the need to

acquire or process a sample. Laboratory experiments (Marshall

et al., 1994; Keaten et al., 1995) have indeed demonstrated

that solid, rough-textured rock surfaces can be satisfactorily

examined without powdering the samples for signal random-
ization.

The CCD can be interrogated for the position each photon

strikes, thus providing diffraction information, or it can be
interrogated for photon energy, thus providing elemental

information via X-ray fluorescence. This combined XRD/

XRF capability (Kerner et al., 1995) enables geochemical

augmentation of the diffractometric data, a capability that is

particularly useful when there are complex mixtures of min-

erals or the presence of amorphous compounds with diffuse

diffraction signatures. Certainly in the planetary exploration
context, a technique such as XRD/XRF is needed to provide

Platform

manipulator arm

Multi-target
X-ray generator

calibration or "ground truth" for other analytical methods

such as spectroscopic mineralogy or elemental analysis.

9.5.6. Rock Chipping

Planetary surfaces are exposed to myriad processes that

alter the chemical and mineralogical nature of the topmost

layer. On airless bodies, micrometeorites and solar wind

atoms produce thin amorphous coatings of glass (patina) on

exposed rock surfaces. On bodies with corrosive atmospheres

like Mars (CO2) and Venus (SO2), thick weathering rinds

may form. In order to measure the chemical and mineralogi-

cal properties of fresh rocks one has to first remove these

altered surface layers.

An early version of the Mars minirover (Rocky IV) was

equipped with a pecking tool run by a small cam (Fig. 9.2).

As the rover drove up to a rock the pecking action chipped the

surface much like a woodpecker until the wheels of the rover
provided sufficient force to stop the pecking action. The rover

then automatically backed up and started over. This sequence

continued until the weathering rind was removed.

Another approach is the miniature rock chipper/sampler

(MRCS), a reduced-size, lightweight version of a large rock

sampler developed at the Applied Physics Laboratory (Cheng,
1994). The large rock sampler has demonstrated extraction

and acquisition of 40-g samples from solid basalt rock, rein-
forced hardened concrete, and loose unconsolidated sand.

The miniaturized version is designed to remove the weath-

CCD Detector

"_ t Si • p
J MD

X-ely windows
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Fig. 9.1. Schematic design for combined
XRF/XRD instrument based on a CCD detector

(contact-sensing rock analysis using multiwave-
length solid-state X-ray generator).
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Fig. 9.2. Rocky IV illustrating the use of a rock chipper for
removal of surface coatings (patina) from sample.

ered rind from a rock to allow access to the unaltered interior.

It can also, as an option, collect small, separate samples of the
rock, one sample containing weathered rind and the other
containing rind plus interior material.

The MRCS uses a pyrotechnic device, similar to those

used on spacecraft for cable cutters and bolt cutters, to drive

a steel penetrator into the rock surface. The penetrator is

retained within the MRCS and removed from the target

surface after firing, and the propellant is vented away.

As a pyrotechnic device, MRCS operates rapidly, imposes
no sustained force on the carrier vehicle, and has no sustained

power requirement. It imposes a recoil and shock load on the

carder vehicle upon firing that is mitigated with appropriate
shock mounting.

9.6. CONCLUSIONS

Planetary field geology, forat least the near future, will be

conducted by robotic spacecraft. Basic requirements for ro-
botic field geology include geologic context, surface vision,

mobility, and manipulation. Geologic context requires a com-

bination of orbital and descent imaging, with resolutions as

fine as 10 m/pixel. Surface vision requirements include a
local horizon at least 100 m from the lander, camera resolu-

tion of I mrad, stereo vision, and multispectral imaging in the
ultraviolet, visible, and near-infrared. The minimum mobil-

ity for useful field geology depends on the scale of the orbital
imagery, and ranges from 1 to 10 km. The robotic field

geologist should be large enough to travel such a distance and
tall enough to "see" geologic features in the area of interest.

Manipulation requirements include exposing unweathered

surfaces, screening samples, and bringing samples in contact
with analytical instruments.

To support these requirements we recommend several

advanced capabilities for future development. Capabilities

include near-infrared reflectance spectroscopy to 2.5 pm,

hyperspectral imaging, multispectral microscopy, artificial
intelligence in support of imaging, XRD/XRF, and rock

chipping.

REFERENCES

Buckingham W. F. and Sommer S. E. (1983) Mineralogical

characterization of rock surfaces formed by hydrothermal
alteration and weathering--Application to remote sens-

ing. Econ. Geol. Bull. Soc. Econ. Geol., 78, 664--674.

Burns R. G. (1970) Mineralogical Applications of Crystal
Field Theory. Cambridge Univ.

Cheng A. F. (1994) Rock chipping facility. Mars Surveyor

Science Objectives and Measurements Requirements

Workshop, pp. 32-33. JPL Tech. Rept. D12017.

Elachi C. (1987) Introduction to the Physics and Techniques
of Remote Sensing. Wiley, New York.

Farrand W. H. and Singer R. B. (1991) Alteration of

hydrovolcanic basaltic ash: Observations with Vis/IR spec-
trometry. JGR, 97, 17393-17408.

Farrand W. H. et al. (1994) Retrieval of apparent surface

reflectance from AVIRIS data. A comparison of empirical
line, radiative transfer and spectral mixture methods. Re-

mote Sensing Environ., 47, 311-321.

Goetz A. F. H. et al. (1983) Remote sensing for exploration:

An overview. Econ. Geol. Bull. Soc. Econ. Geol., 78,
573-590.

Jake_ P. (1992) Analogue of hand-held lens and optical

microscope for Martian in situ studies. In Workshop on

Innovative Instrumentation for In Situ Study of Atmo-
sphere-Surface Interaction on Mars (B. Fegley Jr. and H.

W_ke, eds.), p. 7. LPI Tech. Rpt. 92-07, Part 1, LPI,
Houston.

Jake_ P. and W_inke H. (1993) Mikrotel microscope: An
equivalent of hand held lens and optical microscope for "in

situ" planetary (Mars) studies. Abstracts of Mars meeting,
Wiesbaden, 1993.

Keaten R. et al. (1995) X-ray diffraction techniques for in situ
identification of minerals in solid rock surfaces. Geol.

Soc. Am., 27, 57.

Kemer J. A. et al. (1995) Combined XRD and XRF analysis

for portable and remote applications. 43rdAnnual Denver

Conference on Applications of X-Ray Analysis, in press.

Marshall J. R. et al. (1994) X-ray diffraction techniques for
in situ analysis of martian surface materials. EOS Trans.
AGU, 75, 400.

Pieters C. M. and Englert P. A. J., eds. (1993) Remote

GeochemicaIAnalysis: ElementalandMineralogicalCom.

position. Cambridge Univ. 594 pp.

Rieder R. et al. (1995) Nanokhod, a miniature deployment

device with instrumentation for chemical, mineralogical
and geological analysis of planetary surfaces, for use in

connection with fixed planetary surface stations (abstract).

In Lunar and Planetary Science XXVI, pp. 1261-1262.
Singer R. B. and Roush T. L. (1983) Spectral reflectance

properties of particulate weathered coatings on rocks:
Laboratory modeling and applicability to Mars (abstract).

In Lunar and Planetary Science XIV, pp. 708-709.

Spudis P. D. (1992) An argument for human exploration of
the Moon and Mars. Am. Sci., 80, 269-277.

Vane G. and Goetz A. F. H. 0988) Terrestrial imaging

spectroscopy 1. Remote Sensing Environ., 24, 1-29.



LPI Technical Report 95-05 11 !

List of Workshop Participants

Rachel E. Abercrombie

Department of Earth and Space Sciences

University of California

Los Angeles CA 90095-1567

Phone: 310-825-3123

Fax: 310-206-3051

E-mail: rachel@coda.usc.edu

James B. Abshire

Mail Code 924

Experimental Instrumentation Branch

NASA Goddard Space Flight Center

Greenbelt MD 20771

Phone: 301-286-2611

Fax: 301-286-1761

E-mail: jba@eibl.gsfc.nasa.gov

Carlton C. Allen

Mail Code C23

Engineering and Sciences Company

Lockheed Martin

2400 NASA Road 1

Houston TX 77058

Phone: 713-483-2630

Fax: 713-483-5347

E-mail: allen@snmail.jsc.nasa.gov

Bruce Banerdt

Mail Stop 183-501

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena CA 91109

Phone: 818-354-5413

Fax: 818-393-9226

E-mail: bruce.banerdt@ccmail.jpLnasa.gov

Patricia M. Beauchamp

Mail Stop 168-222

Jet Propulsion Laboratory
4800 Oak Grove Drive

Pasadena CA 91109

Phone: 818-354-0529

Fax: 818-393-6984

E-mail: patricia.m.beauchamp@ccmail.jpl.nasa.gov

David Blake

Mail Stop 239-4

NASA Ames Research Center

Moffett Field CA 94035

Phone: 415-604-4816

Fax: 415-604-1088

E.mail: david_blake@qmgate.arc.nasa.gov

Diana L. Blaney

Mail Stop 183-501

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena CA 91109

Phone: 818-354-5419

Fax: 818-354-0966

E-mail: blaney@kookaburra.jpl.nasa.gov

William V. Boynton

Lunar and Planetary Laboratory

Space Sciences Building #92

University of Arizona

Tucson AZ 85721

Phone: 520-621-6941

Fax: 520-621-6783

E-mail: wboynton@Ipl.arizona.edu

Andrew Cheng

Applied Physics Laboratory

Johns Hopkins University
Laurel MD 20723

Phone: 301-953-5415

Fax: 301-953-6670

E-mail: andrew.cheng@jhuapLedu

Ara Chutjian

Mail Stop 121-114

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena CA 91109

Phone: 818-354-7012

Fax: 818-393-1899

E-mail: ara.chutjian@,jpl.nasa.gov

R. Todd Clancy

Space Science Institute

1234 Innovation Drive

Boulder CO 80303

Phone: 303-492-6998

Fax: 303-492-3789

E-mail: clancy@isidis.colorado.edu

Alan Delamere

Ball Aerospace

P.O. Box 1062

Boulder CO 80304

Phone: 303-939-4243

Fax: 303-939-6177

E-mail: adelamere@ball.com



112 Planetary Surface Instruments Workshop

David DesMarais

Mail Stop 239-4

NASA Ames Research Center

Moffett Field CA 94035-1000

Phone: 415-604-3220

Fax: 415-604-1088

E-mail: david_desmarais@qmgate.arc.nasa.gov

M. Darby Dyar

Department of Astronomy and Geology

West Chester University

West Chester PA 19380

Phone: 610-436-2213

E-mail: ddyar@wcupa.edu

Friedemann Freund

Mail Stop 239-4

NASA Ames Research Center

Moffett Field CA 94035-1000

Phone: 415-604-5183

Fax: 415-604-1088

E-mail: friedemann_freund@qmgate.nasa.arc.gov

Ghee Fry

Mission Research Corporation
One Tara Boulevard, Suite 302

Nashua NH 03062-2801

Phone: 603-891-0070 ext. 299

Fax: 603-891-0088

E-mail: gfry@lanl.gov

Stephen Gorevan

Honeybee Robotics

204 Elizabeth Street

New York NY 10012

Phone: 212-966-0661

Fax: 212-925-0835

E-mail: gorevan@panix.com

John Grant

Department of Earth Sciences

State University of New York

1300 Elmwood Avenue

Buffalo IVY 14222-1095

Phone: 716-878-5116

Fax: 716-878-4028

E-mail: grantja@snybufaa.cs.snybufedu

Bo A. Gustafson

Department of Astronomy
211 SSRB

University of Florida

Gainesville FL 32611

Phone: 904-392-7677

Fax: 904-392-5089

E-mail: gustaf@astro.ufl.edu

Michael Hecht

Mail Stop 302-231

Jet Propulsion Laboratory
4800 Oak Grove Drive

Pasadena CA 91109

Phone: 818-354-2774

Fax: 818-393-4540

E-mail: Michael.H.Hecht@,jpl.nasa.gov

John H. Hoffman

FO 22

University of Texas-Dallas

P.O. Box 830688

Richardson TX 75083-0688

Phone: 214-883-2840

Fax: 214-883-2848

E-mail: jhoffman@utdallas.edu

Petr Jake_

Faculty of Science

Charles University
Albertov 6

128 43 Praha 2

CZECH REPUBLIC

Phone: 2939-419 ext. 2426

Fax: 42-2-296084

E-mail: jakes@prfdec.natur.cuni.cz

Ralf Jaumann

Institute for Planetary Exploration

DLR German Aerospace Research Establishment

Rudower Chaussee 5

12489 Berlin

GERMANY

Phone: 49-30-69545-400

Fax: 49-30-69545-402

E-mail: jaumann@terra.pe.ba.dlr.de

Jim L. Jordan

Department of Geology

Lamar University
P.O. Box 1003

Beaumont TX 77710

Phone: 409-880-8240

Fax: 409-880-1895

E-mail: jordanjl@lubOOl.lamar.edu

Jeff Kargel

Astrogeology Branch Laboratory

U.S. Geological Survey

2255 N. Gemini Drive

Flagstaff AZ 86001

Phone: 520-556-7034

Fax: 520-556-7014

E-mail: jkargel@iflag2.wr.usgs.gov



LPITechnicalReport95-05113

Susan Keddie

Science Applications International Corporation

400 Virginia Avenue SW, Suite 400

Washington DC 20024

Phone: 202-479-0750

Fax: 202-479-0856

E-mail: keddie#m#_susan@smtpgmgw.ossa.hq.nasa.gov

John F. Kerridge

Department of Chemistry/0317

University of California at San Diego
La Jolla CA 92093-0317

Phone: 619-534-0443

Fax: 619-534-7441

E-mail: jkerridg@ucsd.edu

R. K. Khanna

Department of Chemistry and Biochemistry

University of Maryland

College Park MD 20742

Phone: 301-405-1894

Fax: 301-314-9121

E-mail." rkl 3rajkkhanna@umd.edu

Soon S. Kim

Mail Stop 183-401

Jet Propulsion Laboratory
4800 Oak Grove Drive

Pasadena CA 91109

Phone: 818-354-2477

Fax: 818-393-5039

E-mail: sam.s.kim@jpLnasa.gov

Gostar Klingelh/Sfer

lnstitut ,fi2r Kernphysik

TH Darmstadt

Schlossgartenstrasse 9

Darmstadt D-62489

GERMANY

Phone: 49-61-51-162-321

Fax: 49-61-51-164-321

E-mail: d184@hr2pub.th-darmstadt.de

Randy Korotev

Department of Earth and Planetary Sciences

Campus Box 1169

Washington University

One Brookings Drive

St. Louis MO 63130-4899

Phone: 314-935-5637

Fax: 314-935-7361

E-mail: rlk@wumooon2.wustLedu

Theodor Kostiuk

Mail Code SL

NASA Headquarters

Washington DC 20546
Phone: 202-358-0297

Fax: 202-358-3097

E-mail: t.kostiuk@gsfc.nasa.gov

David A. Kring

Department of Planetary Sciences

Lunar and Planetary Laboratory

University of Arizona

Tucson AZ 85721

Phone: 520-621-2024

Fax: 520-621-4933

E-mail: kring@gammal.lpl.arizona.edu

Carey Lisse

Mail Code 685.9

NASA Goddard Space Flight Center

Greenbelt MD 20771

Phone: 301-513-7786

Fax: 301-513-7726

E-mail: lisse@stars.gsfc.nasa.gov

Rocco Mancinelli

Mail Stop 239-12

NASA Ames Research Center

Moffett Field CA 94035-1000

Phone: 415-604-6165

Fax: 415-604-0092

E-mail: rocco_mancinelli@qmgate.arc.nasa.gov

John Marshall

Mail Stop 239-12

NASA Ames Research Center

Moffett Field CA 94035
Phone: 415-604-4983

Fax: 415-604-0092

E-mail: john_marshall@qmgate.arc.nasa.gov

Gene McDonald

Cornell University

324 Space Sciences Building

Ithaca NY 14853

Phone: 607-255-6913

Fax: 607-255-9888

E-mail: mcdonald@astrosun.tn.cornell.edu

Richard W. McEntire

Applied Physics Laboratory

Johns Hopkins University

Johns Hopkins Road

Laurel MD 20723°6099

Phone: 301-953-5410

Fax: 301-953-6670

E-mail: richard.._mcentire@,jhuapl.edu

David S. McKay

Mail Code SN6

NASA Johnson Space Center

Houston TX 77058

Phone: 713-483-5048

Fax: 713-483-5347

E-mail: dmckay@snmail.jsc.nasa.gov



114 Planetary Surface Instruments Workshop

Greg Mehall

Box 871404

Arizona State University

Tempe AZ 85287-1404

Phone: 602-965-3063

Fax: 602-965-1787

E-mail: mehall@tes.la.asu.edu

Charles Meyer
Mail Code SN2

NASA Johnson Space Center

Houston TX 77058

Phone: 713-483-5133

Fax: 713.483-2911

E-mail: meyer(_snmail.jsc.nasa.gov

Hitoshi Mizutani

Institute of Space and Astronomical Science
Yoshino-dai 3-1

Sagamihara-shi

Kanagawa 229

JAPAN

Phone: 0427-51-3911

Fax: 0427-59.4237

E-mail: mizutani@planeta.sci.isas.ac.jp

Thomas H. Morgan
Southwest Research Institute

6220 Culebra Road

P.O. Drawer 28510

San Antonio TX 78284

Phone: 210-522-3985

Fax: 210-647-4325

E-mail: tom@irnagel.space.swri.edu

Richard V. Morris

Mail Code SN4

NASA Johnson Space Center
Houston TX 77058

Phone: 713-483-5040

Fax: 713-483-5347

E-mail: morris@snmail.jsc.nasa.gov

Stewart Moses

TRW

R1-2144

One Space Park

Redondo Beach CA 90278

Phone: 310-812-0075

Fax: 310-812-1277

E-mail: smoses@amelia.sp.trw.com

Seiichi Nagihara

Department of Geosciences

University of Houston

Houston TX 77204-5503

Phone: 713-743-3413

Fax: 713-748-7906

E-mail: nagihara@uh.edu

Yosio Nakamura

Institute for Geophysics

University of Texas

8701 North Mopac Expressway
Austin TX 78759-8397

Phone: 512-471-0428

Fax: 512-471-8844

E-mail: yosio@utig.ig.utexas.edu

Zoran Ninkov

Center for Imaging Science

Rochester Institute of Technology
One Lomb Memorial Drive

Rochester NY 14623

Phone: 716-475-7195

Fax: 716-475-5988

E-mail: zxnpci@mail.cis.rit.edu

Laurence E. Nyquist

Mail Code SN4

NASA Johnson Space Center
Houston TX 77058

Phone: 713-483-5038

Fax: 713-483-5347

E-mail: nyquist@snmail,jsc.nasa.gov

Carl6 Pieters

Department of Geological Sciences

Box 1846

Brown University
Providence RI 02912

Phone: 401-863-2417

Fax: 401-863-3978

E-mail: pieters@pds.geo.brown.edu

W. T. Pike

Center for Space Microelectronics

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena CA 91109

Phone: 818-354-0662

Fax: 818-393-4540

E-mail: wpike c_,oyager.jpl.nasa.gov

Filippo Radicati di Brozolo

Charles Evans and Associates

301 Chesapeake Drive

Redwood City CA 94063

Phone: 415-369-4567 ext. 321

Fax: 415-369-7921

E-mail: rfilippo@cea.mhs.compuserve.com

Jonathon Rall

Mail Code 924

Experimental Instrumentation Branch

NASA Goddard Space Flight Center
Greenbelt MD 20771

Phone: 301-286-7397

Fax: 301-286-1761

E-mail: jarrall@aibl.gsfc.nasa.gov



Graham Ryder

Lunar and Planetary Institute

3600 Bay Area Boulevard
Houston TX 77058

Phone: 713-486-2141

Fax: 713-486-2162

E-mail: zryder@lpi.jsc.nasa.gov

R. Stephen Saunders
Mail Code SX

NASA Headquarters

Washington DC 20546
Phone: 202-554-6459

Fax: 202-554-6499

E-mail: saunders@hq.nasa.gov

Harrison H. Schmitt

P.O. Box 14338

Albuquerque NM 87191-4338

Phone: 505-823-2616

Fax: 505-821-2601

E-mail: schmitt@engr.wisc.edu

Jeffrey S. Schweitzer

Schlumberger-Doll Research

Old Quarry Road

Ridgefield CT 06877-4108

Phone: 203-431-5444

Fax: 203-438-3819

E-mail: Schwietzer@ridgefield.sdr.slb.com

W. R. Sheldon

Department of Physics

University of Houston
4800 Calhoun

Houston TX 77204-5506

Phone: 713-743-3544

Fax: 713-743-3589

E-mail: sheldon@uh.edu

Robert B. Singer

Lunar and Planetary Laboratory

Space Sciences Building #92

University of Arizona

Tucson AZ 85721

Phone: 520-621-4573

Fax: 520-621-9628

E-mail: singer@pirl.lpl.arizona.edu

Ann L. Sprague

Lunar and Planetary Laboratory

Space Sciences Building #325

University of Arizona

Tucson AZ 85721

Phone: 520-621-2282

Fax: 520-621-4933

E-mail: sprague@pirl.lpl.arizona.edu

LPI Technical Report 95-05 115

Timothy D. Swindle

Lunar and Planetary Laboratory

University of Arizona
Tucson AZ 85721

Phone: 520-621-4128

Fax: 520-621-4933

E-mail: timswindle@ccit.arizona.edu

Allan H. Treiman

Lunar and Planetary Institute

3600 Bay Area Boulevard

Houston TX 77058

Phone: 713-486-2117

Fax: 713-486-2162

E-mail: treiman@lpi.jsc.nasa.gov

Thomas J. Wdowiak

Campbell Hall 310

University of Alabama at Birmingham

1300 University Boulevard

Birmingham AL 35299

Phone: 205-934-8036

Fax: 205-934-8042

E-mail: wdowiak@phy.uab.edu

Albert S. Yen

Mail Stop 170-25

California Institute of Technology
Pasadena CA 91125

Phone: 818-395-6447

Fax: 818-577-4875

E-mail: ayen@marsl.gps.caltech.edu

J° C. Zamecki

Unit for Space Sciences

University of Kent

Canterbury

Kent CT2 7NR

UK

Phone: 44-227-764000

Fax: 44-227-762616

E-mail: jcz@uk.ac.ukc

Michael Zolensky

Mail Code SN2

NASA Johnson Space Center

Houston TX 77058

Phone: 713-483-5128

Fax: 713-483-5347

E-mail: zolensky@snmail.jsc.nasa.gov




